I used a novel effect of adaptation to a moving stimulus to investigate the role of attention in the processing of motion-in-depth (MID). Following adaptation to expansion, the time required to detect an expanding target in the same location as the adaptation target was significantly longer than following viewing of a constant-sized target. Conversely, following adaptation to contraction, detection times (DTs) for an expanding target were significantly shorter than for a constant-sized adaptation target. Changes in DTs following adaptation to contraction were substantially larger than those following adaptation to expansion. Attentional modulation of MID processing was examined by adding an alphanumeric discrimination task that distracted the observer's attention away from the location of the adaptation target. I compared the magnitude of DT effects while (a) observers passively fixated the alphanumeric sequence (single task condition) and (b) observers performed the discrimination task (dual task condition). DT effects were significantly smaller in the dual task condition than in the single task condition indicating that MID processing is modulated by attention.
Introduction
Motion has long been believed to be one of the 'building blocks' of early vision. The effortless way in which we can detect and respond to moving objects suggests that motion perception involves very little attentional processing: it seems to draw our attention rather than require it. Supporting the belief that motion is a pre-attentive visual feature is the finding that visual search for moving targets can be done in parallel without attentional scrutiny (Nakayama & Silverman, 1986; McLeod, Driver & Crisp, 1988) .
However, several recent studies have shown that human motion perception is modulated by attention. Chaudhuri (1990) reported that the duration of the motion aftereffect (MAE) was roughly 70% shorter when observers performed a distractor task during adaptation. Shulman (1991) found that the perceived direction of an ambiguous rotation stimulus depended on which direction observers attended (i.e. clockwise or counterclockwise) during adaptation to the same stimulus. Similar attentional effects have been found for adaptation stimuli consisting of superimposed patterns of random dots moving in different directions (Lankheet & Verstraten, 1995; Raymond, O'Donnell & Tipper, 1998) . Finally, attentional modulation of motion processing has also been found at the level of single cells (Treue & Maunsell, 1996) .
It is important to note that all of these previous studies have examined motion in the fronto-parallel plane (i.e. 2D motion) 1 . Two previous studies have investigated the role of attention in the processing of motion-in-depth (MID) . O'Craven, Rosen, Kwong, Treisman and Savoy (1997) found that activation in the human MT-MST complex was significantly greater when observers attended a radially contracting flow pattern. However, since only backwards self-motion was simulated, this study can not address the effect of attention on two of the most ecologically important types of 3D motion, namely forward self-motion and object MID. Royden and Hildreth (1999) recently examined the effect of attention on these two types of MID. When observers were instructed to attend to an object motion task (discriminating between lateral motion and MID) the accuracy of heading judgments during simulated forward self-motion was not affected. Conversely, when observers were instructed to attend to the heading task, accuracy in the object motion task fell dramatically. The authors proposed that this asymmetry suggests that while 3D self-motion information is processed pre-attentively and in parallel, the processing of object motion requires focused attention.
One limitation of Royden and Hildreth's study that brings into question the general validity of this conclusion is the relative ecological importance of their two motion tasks. The ability to accurately judge one's heading while moving forward is of obvious importance to the control of locomotion. Conversely, the ability to distinguish between 2D and 3D object motion is of questionable importance for everyday life. This is further emphasized by the fact that the 3D motion used in their study was at an oblique angle relative to the observer (27°off the midline) so that neither of the two objects was moving on a collision course with the observer. Given that we have developed elaborate neural mechanisms designed to deal with the special case of an approaching object (e.g. direction (Beverley & Regan 1973) , speed (Portfors & Regan, 1997) and time to collision (Lee, 1976) ), it is possible that the processing of this particular type of 3D object motion may not require focused attention.
The purpose of the study reported here was to examine the role of attention in the processing of approaching and receding object MID. To achieve this end, I used a new effect of adaptation to a moving stimulus that will be described first.
Experiment 1: an effect of adaptation to motion on mid detection times

Purpose and rationale
There are many different effects of adapting to a moving stimulus. For MID these include: (i) the apparent movement in depth of a stationary target in the opposite direction to that of the adapting target (Regan & Beverley, 1978a) , (ii) elevated MID detection thresholds (Regan & Beverley, 1978b) , (iii) changes in perceived time to collision (Gray & Regan, 1999a) and (iv) temporal shifts in overtaking maneuvers during a simulated driving task .
An effect of MID adaptation that has not been previously investigated is changes in the detection time (DT) for a moving object located in the position previously occupied by the adaptation stimulus. If instead of presenting an observer with a stationary target following MID adaptation, an expanding target appeared in the position previously occupied by the adaptation stimulus, the time required to detect that the object was approaching should increase relative to non-adaptation conditions because the illusory receding motion opposes the real approaching motion. Conversely, if an observer adapted to a receding target, the DT would be expected to decrease because the real and illusory motion would be in the same direction. The possible mechanisms underlying this effect are discussed in more detail below.
The purpose of experiment 1 was to evaluate the effect of adaptation on MID DTs.
Methods
Apparatus
Stimuli were presented on an Octane workstation (Silicon Graphics Inc.) that was viewed from a distance of 57 cm. The arrangement of the visual display is depicted in Fig. 1 . Eight targets were placed in a circular arrangement around one central fixation target (labeled C in Fig. 1 ). The angular separation between the center of an outer target and the center of target C was 8.1°. This separation was the same for all eight outer targets. The separation between the centers of adjacent outer targets was 6.2°. All outer targets were circular with an initial diameter of 3.1°. Target C had a diameter of 1°. All targets were blue and the background was black. Fig. 1 . The effect of MID adaptation on detection time. Each trial was divided into two phases: a 10 s adaptation phase and a test phase. Observers were instructed to fixate the central target (C) during both phases. During the adaptation phase, seven of the eight circular targets remained constant in size. The remaining target either (i) expanded, (ii) contracted or (iii) remained constant in size but had a different color than the other targets. During the test phase, one of the eight targets slowly expanded and the observers task was to indicate which target was expanding as quickly and accurately as possible. On half of the trials the adaptation target and test target were in the same spatial location (cued) and on half of the trials they were in different locations (uncued) . See text for details.
Procedure
An experimental trial was divided into two phases as depicted in Fig. 1 . During the adaptation phase seven of the outer targets and the central target remained constant in size. The remaining target was either (a) expansion, (b) contraction or (c) color. The expansion target increased in size at a rate of 1.3 deg/s until it reached a diameter of 4.4°. At that point it disappeared for 50 ms then reappeared at its initial size and began expanding again. The flyback of the ramp was not visible to observers. The contraction target decreased in size at a rate of 1.3 deg/s until it reached an angular size of 1.8°. The rate at which the diameters of the targets changed was identical. The color target was identical to the other targets except that it was green instead of blue. Its size did not change. The location of the adaptation target and its type were chosen randomly. The duration of the adaptation phase was 10 s and observers were instructed to continually fixate the central target during this adaptation phase. This duration allowed for ten complete ramps of the expansion and contraction stimuli. After a 350 ms inter-stimulus interval, during which the screen was blank, the test phase began.
During the test phase, seven of the outer targets and the central target again remained constant in size. The remaining target expanded at a rate of 0.32 deg/s. It was the same color as the other targets and had the same initial size. The procedure for selecting the position of the expanding target is described below. The observer's task was to press the space bar as soon as they detected the expanding target. After the space bar was pressed, the screen immediately went blank and the observer was required to indicate which target had expanded by pressing the corresponding number on the computer keypad (i.e. the upper left target was designated '1', the target immediately to the right was '2' and so on). The screen remained blank until the observer pressed one of the eight response keys. The maximum duration of the test phase was 3000 ms. If the observer did not hit the space bar during this interval, the screen went blank and they were required to make a forced choice between the eight alternatives. During the test phase, observers were instructed to keep their eyes fixated on the central target. Negative response feedback, in the form of a red circle that was displayed for 350 ms at the correct location of the expanding target, was given. The inter-trial interval was 1 s.
A single run consisted of 36 trials. This relatively small number was used so as to minimize the build-up of aftereffects across trials. The 36 trials were divided equally into six types: (1) expansion-cued, (2) contraction-cued, (3) color-cued, (4) expansion-uncued, (5) contraction-uncued, and (6) color-uncued. Cued trials refer to cases where the location of the odd target in the adaptation phase was identical to the location of the expanding target in the test phase. For uncued trials, the position of the odd target in the adaptation phase was chosen randomly. The location of the test target was then selected randomly from the seven remaining positions. During a run half of the trials were cued and half were uncued. Observers were informed only that on some of the trials the test target would be in the same position as the adaptation target. All observers completed six runs so that 36 responses were collected for each trial condition.
Experiment 1 also included conditions where observers were required to detect a contracting target during the test phase rather than an expanding one.
Data analysis
The main dependent variable of interest was the DT during the test phase. DT was defined as the elapsed time between the onset of the test stimulus and the instant the space bar was pressed. DT's for the six different conditions were compared using a repeated measures ANOVA.
Obser6ers
Eight observers participated in experiment 1. All observers except for observer 1 (the author) were naive to the aims of the experiment and were paid an hourly rate. It is evident from Fig. 2A that cueing had a dramatically different effect for the expansion and contraction adaptation targets. The mean DT when the adaptation stimulus was the contraction target was 520 ms lower in the cued condition than in the uncued condition. Conversely, the mean DT was 199 ms higher in the cued condition than in the uncued condition when the adaptation stimulus was the expansion target.
Results
Detection times were analyzed using a repeated measures ANOVA with cue relationship (cued vs. uncued) and adapt stimulus (expansion, contraction or color) as factors. The main effect of adapt stimulus was highly significant [F(2,14)=22.7, PB 0.001] as was the adapt stimulus× cue relationship interaction [F(2,14)=30.2, PB 0.001]. An interaction comparison (Keppel, 1991) revealed that the effect of cueing was significantly different for the expansion adapt stimulus and the contraction adapt stimulus [F(1,7)= 38.4, PB 0.001]. The A second effect that can be seen in Fig. 2A is that the mean cued DT when the adaptation stimulus was the contraction target was 217 ms shorter than the mean cued DT when the adaptation stimulus was the color target. An interaction comparison revealed this effect to be significant [F(1,7)=16.5, P B 0.01]. Fig. 2B shows that a contracting test target produced the opposite pattern of DT effects. In this condition, the mean DT for the expansion adaptation stimulus was 310 ms lower in the cued condition than in the uncued condition. Conversely, when the adaptation stimulus was contraction, the mean DT was 850 ms higher in the cued condition than in the uncued condition. As was the case for the expanding test target, the effect of adapt stimulus [F(2,14)= 17.9, P B 0.001] and the adapt stimulus ×cue relationship interaction [F(2,14) =18.5, PB 0.001] were both highly significant.
Discussion
Adaptation to a MID target has a dramatic effect on MID detection times. Following adaptation to a contracting target, the DT for an expanding test target decreased by roughly 520 ms when the test target was in the same retinal location as the adaptation target. Conversely, following adaptation to an expanding target, the DT for the expanding test target increased by roughly 199 ms. Both of these effects were significantly different from the 217 ms reduction in DT found when a constant-sized adaptation target of a different color was in the same retinal location as the expanding test target. This later finding suggests that the changes in DT were not primarily caused by the reorienting of spatial attention (e.g. Posner, 1978) to the oddball target in the adaptation phase.
I propose that these DT effects can be explained as follows. Fig. 3A depicts a model of MID processing developed by Regan and Beverley (1979) 2 . In this model, outputs of local motion (LM) filters are combined to produce filters sensitive to expansion (EXP) and contraction (CON) along one meridian of the object's retinal image (dashed square). For clarity, only processing for the object's vertical meridian (q V ) is 2 To allow for explanation of the present effects, the model shown in Fig. 3 has been expanded slightly from the Regan and Beverley (1979) model. In the original MID model only one LM filter (with a positive or negative output) was used for each edge of the retinal image and similarly only one RM filter was used for each meridian (i.e. there were no separate EXP and CON filters).
shown. Outputs from EXP and CON are combined to produce a relative motion (RM) filter that is insensitive to changes in the position of the object. Outputs for RM filters along different retinal meridia are then combined in a weighted average to produce a motionin-depth (MID) signal. The amplitude of this final MID signal is inversely proportional to the time to collision [q/(dq/dt)] (Regan & Hamstra, 1993) . Psychophysical and neurophysiological evidence for the existence of RM and MID filters is reviewed in Regan (1991) . Fig. 3B illustrates the output of the MID stage when the visual system is not adapted. The solid line in Fig.  3B represents the probability distribution (i.e. signal plus normally-distributed noise) for a constant-sized object and the dashed line shows the probability distribution for a target with a constant rate of expansion (dq/dt). The small vertical arrows indicate the threshold for dq/dt. Following Duckstein, Unwin and Boyd (1970) , I assume that the DT for a suprathreshold expanding target follows
where q t is the angular size of the target at time t and k is a constant (i.e. the DT is proportional to the time to collision) 3 . Fig. 3C shows the probability distributions for the same two targets following adaptation to expansion. Immediately following the adaptation period (time 1), I assume that the resting level of the EXP filter is depressed. The depressed output of the EXP filter is summed with the unaffected output of the CON filter to produce a negative MID signal for a constant-sized target; making it appear to recede (Regan & Beverley, 1978a) . Over time, the resting level of the EXP filter recovers and the MID aftereffect decays. Regan and Beverley (1978a) reported that complete recovery of the MID systems occurs after approximately 100 s. Now consider the visual system's response to the expanding target (dashed line) following adaptation to expansion. For this target, I propose that the depressed resting level at the EXP stage sums with the positive inputs from the LM filters (a & b) to produce a weak positive MID signal (time 1). I further assume that the magnitude of this residual MID signal will depend on the rate of expansion of the test target (dq/dt). For very large values of dq/dt, the depressed resting level of the EXP filter will presumably have very little effect on the MID signal. As the EXP filter's resting level moves towards to its normal level (time 1 time 3), I assume that the MID signal becomes stronger. MID detection occurs when the resting level of the EXP filter has recovered sufficiently to raise the MID signal above threshold (time 3). I propose that the delay in DT for the expanding test target ( Fig. 2A) reflects the recovery time of the EXP filter 4 . This model also predicts the decrease in DT for a contracting test target following adaptation to expansion. As described above, I assume that a depressed resting level of the EXP filter creates a negative offset at the MID stage following adaptation to expansion. This negative offset would combine additively with the outputs of the unaffected CON filter to produce a stronger MID signal for a contracting target. Eq. (1) combined with evidence that the MID signal is inversely proportional to q/(dq/dt) predicts that this stronger MID signal would result in a shorter DT for a contracting test target. Fig. 3A shows that the stages involved in the processing of MID also generate a sensation of changing object size (CS). What is the role of the sensation of CS in the DT effects observed in experiment 1? Above I proposed that the increased DT for the expanding test target reflects the time required for the MID signal to reach detection threshold. Given that the detection threshold for CS is lower than for MID (Beverley & Regan, 1978) , my observers may have detected the expanding test target based on a sensation of CS rather than MID following adaptation to expansion 5 . However, there is strong evidence that a sensation of CS would not be involved in (i) the decrease in DT for a contracting target following adaptation to expansion or (ii) the decrease in DT for an expanding target following adaptation to contraction. In both of these cases, I assume that the effect of adaptation combines additively with the signal generated by the test target to create a MID signal that is presumably well above MID detection threshold. Regan and colleagues (reviewed in Regan, 1991) have provided abundant evidence that the visual system is biased towards perceiving MID over CS when the change in size is suprathreshold and isotropic.
Finally, I consider the difference in DT effects for the contracting and expanding adaptation targets. Previous 4 As one reviewer points out this DT effect essentially measures partial recovery from adaptation whereas the commonly-used method of measuring the duration of the aftereffect for a stationary test target (e.g. Wolgemuth, 1911; Sekuler & Pantle, 1967) measures the full recovery.
5 The subjective impression of this stimulus is consistent with this proposal. Following adaptation to expansion, my observers reported that the expanding test target initially appeared to increase in size while staying at the same depth before a sensation of an approaching object occurred. On the other hand, for adaptation to expansion and a contracting test target, my observers reported only a sensation of receeding MID.
3 Duckstein et al. (1970) reported an r = 0.99 for this relationship over a wide range of speeds of MID (1.5-17 ft./s). This relationship is a natural consequence of Weber's law (i.e. detection time will be the time it takes the object to change in size by a constant proportion). studies examining asymmetries in the processing of MID have reported both better sensitivity for approaching MID versus receding MID (Ball & Sekuler, 1980; Allbright, 1989 ) and the converse relationship (Edwards & Badcock, 1993) . Fig. 2A ,B clearly shows that adaptation to a contracting target produced a larger change in DTs (by 161% in Fig. 2A and by 174% in Fig. 2B ) than adaptation to an expanding target. An asymmetry favoring contracting motion has also been reported for the spiral aftereffect (Wolgemuth, 1911; Scott, Lavender, McWhirt & Powell, 1966) . Given that exposure to expanding motion is much more common in our environment, a greater resistance to expanding aftereffects may be ecologically advantageous, as it would reduce the aftereffects resulting from forward self-motion.
Experiment 2
Purpose and rationale
The purpose of experiment 2 was to investigate attentional modulation of the DT effects reported in experiment 1. A distractor paradigm, involving an irrelevant alphanumeric discrimination task, was used to direct attention away from the location of the adaptation stimulus. I compared (a) the magnitude of DT effects while observers passively fixated a rapidly changing alphanumeric sequence (single task condition) presented in the center of the display and (b) the magnitude of detection time effects while observers performed a task that required them to actively monitor the changing alphanumeric sequence (dual task condition) presented in the center of the display.
Method
Apparatus and procedure
The apparatus and procedure were as described in experiment 1 except for the following. During the adaptation phase the central circular target (C) was replaced with a stream of letters and numbers. Numbers ranged from one to nine and were chosen randomly. Numbers were presented at a rate of 4/s and were replaced with letters at randomly chosen positions in the sequence. The minimum amount of numbers between two successive presentations of a letter was four and the maximum was ten. The letters used were W, E, R, T, A, S, F, Z and X. Letters were chosen randomly on each presentation. Both the letters and numbers were white and subtended 0.3°(vertical)× 0.2°(horizontal).
In the single task condition, observers were instructed to fixate the alphanumeric stream. In the dual task condition, observers were instructed to press the space bar every time they saw a letter. No feedback was given for the alphanumeric discrimination task. The test phase was as described for experiment 1. The alphanumeric stream was replaced with a central circular target during the test phase 6 . The observer's task in the test phase was again to indicate as quickly and accurately as possible, which of the seven outer targets was expanding.
All observers performed three runs in the single task condition immediately followed by three runs in the dual task condition. Observers performed several practice runs of the basic detection task (as described for experiment 1) to make sure they had reached an asymptotic performance level.
In separate runs, I again collected data for conditions where observers were required to detect a contracting target during the test phase.
Obser6ers
Eight observers participated in experiment 2. Three of the eight observers also participated in experiment 1.
Results
To compare DT effects for the single and dual task conditions, I calculated DT CUED − DT UNCUED using the mean DTs for the three types of adaptation target. This measure is shown for the expanding test target in Fig. 4A . Symbols on the left side of the figure are mean differences for the single-task condition and symbols on the right side are for mean differences for the dual-task condition. The DT difference was closer to zero (i.e. no adaptation effect) for both the contraction adaptation target and the expansion adaptation target when the alphanumeric task was added to the adaptation phase. I compared the values shown in Fig. 4A using a 2× 3 repeated measures ANOVA with condition (single vs. dual) and adapt stimulus as factors. There was a significant main effect of condition [F(1,7)= 5.1, PB 0.05] and a significant condition× adapt interaction [F(2,14)= 11.8, PB 0.001].
As shown in Fig. 4B , similar attentional effects were obtained for the contracting test target. For this condition, the effect of task condition [F(1,7)= 10.5, PB 0.025] and the condition × adapt type [F(2,14)= 12.1, PB 0.001] interaction were again both significant 7, 8 . 6 Similar results were obtained when the alphanumeric stream was presented during the test phase.
7 Similar attentional effects to those reported in experiment 2 were also found when the direction of motion of the test target was varied from trial-to-trial within a run. 8 In experiment 2, the size of all constant-size targets in the test phase was identical to the initial size of the changing-size test target. Therefore, observers could potentially detect the test target when its static size was noticeably different from the other targets without actually taking into account the dynamic size change. In a control experiment I found similar attentional effects when this strategy was made unreliable by varying the size of all targets in the test phase randomly (from 1.3 to 4.9°) from trial-to-trial. 
Discussion
The processing of motion-in-depth is modulated by attention 9 . When attention was directed away from the MID stimuli in the adaptation phase using a distractor task, DT effects were significantly smaller than in the single-task condition. Therefore, attention appears to be involved in the processing of object MID as has been shown for the processing of frontal-plane object motion (e.g. Chaudhuri, 1990 ). The present findings are also consistent with Royden and Hildreth's (1999) report that the ability to discriminate between 2D and 3D object motion is degraded when an observers attention is drawn away from the moving target.
As an explanation for the differential effects of divided attention on their object motion and heading tasks, Royden and Hildreth (1999) speculated that oblique directions of MID may be affected more by attention than forward MID. The present findings conflict with this proposal as MID processing for a simulated object directly approaching an observers head was substantially affected by distracting attention away from the approaching object. The findings reported here suggest that attention plays a differential role in the processing of object MID and the processing of self MID.
At which stage of MID processing does attention have its effect on the perception of MID? The present findings could be explained if distracting an observers attention away from the adaptation target causes a reduced signal strength (a) at the level of the RM filters in Fig. 3A, or (b) at the MID stage in Fig. 3A , or (c) at both processing stages. One way of distinguishing between these possibilities would be to use a changing size adaptation target and a test target that changed disparity while remaining constant in size. It has been demonstrated that both changing size and changing disparity feed the same MID stage (Regan & Beverley, 1979) and that adapting to changing size alters the processing of MID for a changing disparity target (Gray & Regan, 1999a) , therefore, I would predict that similar DT effects to those reported here would be found for this cross-adaptation condition. If attention modulates the DT effects for the cross-adaptation case one could conclude that attention modulates processing directly at the MID stage.
General discussion
E6idence for attentional modulation of motion-in-depth processing
The results of the experiments reported here clearly indicate that spatial attention modulates the processing of object MID. When an observer actively attends an alternative stimulus to the MID adapting stimulus, the effect of adaptation on MID detection times decreases by up to 63%. The effect of attention on MID processing is substantial both for approaching object MID and receding object MID. The former finding suggests that our very precise judgements of speed, direction and time to collision (reviewed in may be degraded when we are not actively attending an approaching object.
The finding that attention modulates MID processing for an object approaching an observers head is surprising. The ability to avoid approaching objects is one of the most important perceptual-motor abilities and appears to be an innate response. Ball and Tronick (1971) found that infants only 2 weeks of age responded to an impending collision, produced by a real approaching object or an expanding shadow, by moving their head back and raising their arms in front of their face. Furthermore, there are many instances when we must deal with an approaching object while attending to another task (e.g. a car in front suddenly braking while we are changing the radio station). The present findings for object MID are also unexpected given that the processing of visual information created by self-motion towards a stationary object (which would create the same local retinal information as approaching object MID) does not appear to be modulated by attention (Royden & Hildreth, 1999) .
Implications for perception and action
The results of the present study have important implications for visually guided motor action. The delay in detection of an approaching target following prolonged exposure to retinal image expansion could have dangerous consequences in some everyday situations. Consider the case of highway driving. After a period of high speed driving while staring straight ahead at an empty road, exposure to continuos retinal image expansion causes a driver to overestimate the time to collision with the lead car when overtaking and this overestimation causes driver's to initiate overtaking maneuvers at a shorter actual time to collision with the lead car . The present findings suggest that adaptation to expansion also leads to delayed detection that an object is approaching which could delay the initiation of braking behind a lead vehicle, increasing the risk of a rear-end collision. This prediction has been supported by a recent driving simulator study (Gray & Regan, 1999b) .
